The electronic structure of the recently synthesised (3×3) reconstructed silicene on (4×4) Ag (111) is investigated by first-principles calculations. New states emerge due to the strong hybridization between silicene and Ag. Analyzing the nature and composition of these hybridized states, we show that i) it is possible to clearly distinguish them from states coming from the Dirac cone of freestanding silicene or from the sp-bands of bulk Ag and ii) assign their contribution to the description of the linearly dispersing band observed in photoemission. Furthermore, we show that silicene atoms contribute to the Fermi level, which leads to similar STM patterns as observed below or above the Fermi level. Our findings are crucial for the proper interpretation of experimental observations.
Silicon chemistry has been compared with that of carbon, but both experimental and theoretical studies have illustrated great differences between structure and reactivity of compounds of the two group-IV elements and silicene, the silicon equivalent of graphene [1, 2] , is not an exception. Unlike carbon atoms in graphene, Si tends to adopt sp 3 hybridization over sp 2 which results in slightly buckled structure of silicene. [3] [4] [5] [6] Despite this buckling, the free standing silicene structure has enough symmetry to preserve the linearly crossing bands around the Fermi level. [5, 6] This makes electrons of silicene behave as massless Dirac Fermions as in graphene. [2] Free standing silicene has not been synthesized yet. However, experiments show growth of nanoribbons [7] [8] [9] [10] [11] [12] [13] and two-dimensional (2D) monolayers [14] [15] [16] [17] [18] [19] [20] 22] of silicene on substrates, usually composed of silver. Interestingly, there is a debate on the structural configuration of silicene on Ag(111). Superstructures with (2 √ 3×2 √ 3) [14] , (3×3) [15, 16] , ( √ 3 × √ 3) [19, 20] and other [17, 22] silicene reconstuctions on Ag surfaces have been experimentally reported.
Photoemission measurements show linearly dispersing bands for silicene nanoribbons [10, 13] and 2D silicene sheets [16] supported on Ag substrates. Nonetheless, this intriguing aspect was not theoretically addressed in detail, but just a simple explanation was provided that linked the observed linear bands to the theoretically predicted Dirac cone of free standing silicene. More precisely, Vogt et al. [16] , used these linear bands together with STM images as compelling evidence for monolayer silicene. By combination of calculated and measured STM images, they have nicely shown that silicene sheets are arranged so that (3×3) silicene supercells coincide with (4×4) Ag(111) supercells, where a Si-Si bond length of 2.3Å is in good agreement with the theoretical calculations. [6] The ARPES measurements show a linear band at the K point of the (1×1) silicene unitcell, which starts 0.3 eV below the Fermi level and has a Fermi velocity of v F = 1.3 × 10 6 m/s. Here the (3×3) reconstructed silicene unit cell is composed of two atomic planes with twelve Si atoms close to the Ag substrate and six Si atoms further apart. This structure is further confirmed by full structural optimization calculations and by comparing the calculated STM images with the experiment. The similarity between STM images at applied bias of -1.4 eV, -0.5 eV, and 0.6 eV was used to confirm that the origin of the observed patterns was of structural nature. However, the STM data around the Fermi level or the ARPES data over the whole Brillouin zone was not discussed. We note that a linear dispersion around the Fermi level was also observed in the band structure of ( √ 3 × √ 3) reconstructed silicene. [20] However, the exact positioning of silicene atoms on silver is not well characterized experimentally or theoretically in these structures. Also the linear dispersion is inferred indirectly from scattering patterns measured by STM.
In this letter, we provide a simple and coherent interpretation of the main experimental observations for single-layer silicene supported on Ag. We extend the analysis of first-principles calculations performed on the structures reported by Vogt et al. [16] . We first show that the calculated STM around the Fermi level (0.0 eV) has similar pattern to those for -1.4 eV, -0.5 eV, and 0.6 eV, which is contributed by silicene, thus implying that silicene on Ag is metallic. We also show that the linear band at the K point of the (1×1) silicene reported by the ARPES measurement [16] can be attributed to a new state that emerge due to the strong hybridiza-tion between silicene and Ag. The character of these new states can be clearly analysed in detail by projecting those states on specific atomic orbitals. Our results will trigger further experimental and theoretical works to consolidate our conclusions.
The first step of our calculations based on density functional theory (DFT) has been to determine the lattice parameter of bulk Ag. [23] Then we put one layer of (3×3) silicene on top of 11 layers of (4×4) Ag(111) and optimized the structure by keeping the bottom 8 layers fixed at the bulk Ag parameters. The resulting structure has the same configuration as reported in Ref. [16] . The calculated constant current STM images are depicted in Fig.1  (a) . These images are mainly contributed by Si atoms that are further apart from the Ag layer. They form a hexagonal superstructure with three Si atoms at the corners. The image at 0.0 eV is similar to those at -1.4 eV, -0.5 eV, and 0.6 eV meaning that Si atoms do indeed contribute to the states at the Fermi level.
To understand the electronic structure of silicene on Ag and provide a microscopical description of the states contributing to the observed linear dispersion in the photoemission data of Ref. [16] , we first look at the reconstructed silicene in the absence of the substrate which is referred as unsupported silicene throughout this letter. The corresponding band-structure unfolded to the (1×1) unitcell of silicene is presented by red dots in the left panel of Fig.1 (b) . Here the states in (3×3) supercell are expanded in terms of the states in (1×1) unitcell and the weight of contribution is represented by the radii of red dots. [31] The band structure of ideally buckled silicene in which one sublattice of Si atoms are at the bottom and other at the top is presented by green lines. For better comparison, the lattice constant and the buckling height of this structure is set to that of unsupported silicene. The symmetry of ideally buckled silicene preserves the linearly crossing bands at the K point. In the unsupported silicene, however, this symmetry is broken and the linear bands become parabolic with a 0.3 eV bandgap opening due to the structural modification induced by the Ag substrate (hybridization).
The unfolded band structure of our fully relaxed (3×3) silicene on (4×4) Ag substrate is shown in the right panel of Fig.1 (b) . The d-bands of Ag are located in the energy window from 3 eV to 6 eV. Here we calculate the projection of each state on the atomic orbitals of silicene and mark with red dots the states in which the magnitude of projection is above some threshold. Comparing red dots in the left and right panel of Fig.1 (b) , one can see significant change in the character of the silicene bands. In fact, it is hard to make a direct one to one correspondence between the states in these two panels.
The σ-states around the Γ point are shifted down by ∼0.5 eV while π-states around the K point are shifted down by ∼0.9 eV upon hybridization with Ag. This difference could be attributed to the larger overlap of the latter states with Ag substrate compared to the former ones. Note that, in the Brillouin zone (BZ) of (3×3) silicene supercell, these two states fold to the same point. In the Fig.1 of the supplementary material, we analyse the charge densities projected on these states and show that the difference in the energy shift due to hybridization with Ag substrate results in the band inversion at the Γ point of (3×3) silicene. This also confirms that the shifts are mainly caused by the hybridization with Ag and not by the charge transfer from Ag to silicene, which is found to be 0.5 electron per (3×3) supercell. [32] In Fig.1 (b) one can also see states at the Fermi level which has contribution from silicene. These are the states that give rise the STM patterns calculated at zero bias.
In the supplementary material, we show that these states are folded to the K point of (3×3) silicene and have significant contribution from p z -states of six silicene atoms that are further apart from Ag substrate. Recently (after submission of the present work), it was argued that, the slope and the energy range in which the experimentally observed bands [16] extend matches better to the sp-bands of Ag states than the Dirac cone of silicene. [33] This argument, however, does not clarify why the linear bands dissapear when the measurement is performed in the absence of silicene. This fundamental piece of understanding is provided below.
The coherent interpretation of experiments requires analysing the band structure of (3×3) silicene on 11 layers of (4×4) Ag in a narrow window of the BZ and the energy range where the ARPES measurements with linear bands were reported. [16] In Fig.2 (a) we present the unfolded band structure of silicene on Ag system in this narrow window. Since the system includes 11 layers of Ag we assume that the 3 Ag layers in the middle can be considered as representative of the bulk Ag bands. We calculate the projection of each state on these 3 Ag layers in the middle and denote by blue dots the states that has magnitude of projection larger than some threshold. Then we calculate projections on 3 Ag layers underneath silicene and silicene itself and plot with orange dots the states having magnitude of projection above some threshold. These thresholds are defined such that the magnitude of contribution per atomic orbital is a constant. The same constant is also used in Fig.1 (b) and in the rest of Fig.2 .
One can see in Fig.2 (a) that, the hybridization between silicene and Ag results in a state (shown in orange) which can be distinguished from the bulk Ag state (shown in blue). We confirmed that this hybridized state completely disappears when calculation is performed with 11 Ag layers without silicene. Note that, hybridization with Ag transforms the parabolic band structure with a gap into a gapless band structure with a quasi-linear dispersion that resembles a Dirac cone. Comparing with ARPES measurements [16] one can see that the bulk Ag states indeed have an impressive overlap. However, the hybridized state has also considerable reminiscence.
To simulate the ARPES measurement which is sensitive to surface states [16] we plot in Fig. 2 (b) and (c) the states contributed by 3 Ag layers underneath the silicene in the absence and presence of silicene, respectively. The threshold for projections is the same as in Fig. 2 (a) . In this respect, it is very interesting that the bulk Ag states are absent in both plots. Moreover, the surface states of Ag have almost no contribution when the silicene is absent and the linear band appears when the silicene is present. This similarity with experiment and absence of Ag bulk contributions suggest that it is more [16] It is starting from -0.3 eV and has a slope corresponding to vF = 1.3 × 10 6 m/s. It is recommended, however, to compare our data directly with the ARPES data. [16] .
reasonable to attribute the observed linear bands to the hybridized states of silicene and Ag rather than bulk Ag state, despite the likeness of the latter. Note that upon hybridization, the character of silicene states change significantly. In this respect, unsupported silicene states presented in Fig.2 (d) can be compared with hybridized states presented in Fig.2 (a) . Despite this change, the charge densities of hybridized and unsupported silicene around the K point still show considerable resemblance (for more details see supplementary material).
We explore also the states near Γ point because they can have contribution to experimental measurements due to the folding of (3×3) silicene BZ. [35] Here we show σ-states of unsupported silicene and hybridized states around Γ point in Fig.2 (e) and (f) , respectively. The energy shift of states due to hybridization is less pronounced compared to π-states because σ-states have less overlap with Ag (see also supplementary material). Comparing  Fig.2 (f) with Fig.2 (a) and (c) one can deduce that hybridized σ-states of silicene might also contribute to the experimental measurements.
Finally, we point out the improvements that our work bring and shortcomings that still remain on the interpretation of experimental results related with silicene on Ag. The hybridized state presented in Fig.2 In summary, by means of first-principles calculations, we showed that the (3×3) reconstructed silicene on Ag substrate has a metallic state at the Fermi level that shares a similar STM pattern as those for -1.4 eV, -0.5 eV, and 0.6 eV. This conclusion needs to be confirmed experimentally. Detailed band structure and charge density analysis reveal that the hybridization between silicene and Ag has substantial effect, leading to a change in the band order of some states. By calculating projections to specific atomic orbitals, we have clearly distinguished hybridized silicene/Ag states from bulk Ag states. We show that, hybridized states are localized at the surface and give rise to a linear band in the presence of silicene and disappear in the absence of silicene. This is in accordance with recent ARPES measurement which is sensitive to the surface states. [16] Moreover, the hybridization between σ-states of silicene and Ag can also contribute to experimentally observed linear band due to the folding of (3×3) silicene BZ.
In the light of our findings we conclude that it is not possible to attribute the experimentally observed linear bands solely to sp-bands of bulk Ag or to Dirac cones of silicene. We attribute the experimental bands to hybridized state localized at the surface emerging due to the interaction between silicene and Ag. This state has resemblance of experimental bands and appear only when silicene is present. The pronounced effects of hybridization with Ag substrate presented in this letter may play a crucial role in the interpretation of the linear bands observed also in single and multilayer silicene nanoribbons [10, 13] and monolayer silicene structures with other type of reconstructions [20, 21] . Their origin should be analysed in depth, instead of simply linking them to sp-bands of bulk Ag or to Dirac cones of silicene.
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